The urbanization process inside the State of São Paulo (Brazil) facilitated, in approximately five decades, the migration of thousands of peasants to the urban areas of great industrial centers inducing and requesting, at the same time and very often, an amplification of the systems of local urban infrastructure not appropriate for the natural potential of the physical territory. In this content, the city of São José do Rio Preto (State of São Paulo) with little more than 350.000 inhabitants, currently faces serious problems related to the urban planning originating from the unusual occupation and without previous study of suitability. Therefore, the present paper intends to guide and indicate the areas whose potential of urban development leads to an occupation suitable for the construction of shallow foundations in residential buildings of single floor, using an interpretative chart produced by the software GIS-SPRING-4.0 developed by Instituto Nacional de Pesquisas Espaciais/INPE (Brazil), and based in the methodology of geotechnical mapping developed by the department of geotechnical engineering of EESC/USP (Brazil). The chart for shallow foundation shows that a large portion of the studied area presents serious relationship problems with layers of highly collapsible soils.
Introduction
Industrialisation in underdeveloped countries is an important part of participation in the urbanization process. We can consider industry as one of the great causal factors of urbanization, and, for this reason, industrialized areas are also the most urbanized. As several examinations have shown, the interior of the State of São Paulo (Brazil) has presented the most significant rates of population growth in the entire state in the last decade (Negri and Pacheco, 1993; Caiado and Vasconcelos, 1994 ; Campolina Dinis and Santos, 1995).
The migration process to the interior of the State of São Paulo is related to the intervals of proximity to the metropolitan area of the city of São Paulo, according to Birkholz et al. (1983) . In the interval of proximities, the important urban centers of Ribeirão Preto, Presidente Prudente, Bauru and São José do Rio Preto are included. The city of São José do Rio Preto (State of São Paulo) is located at an important railway and roadway east-west axis of the State of São Paulo, which offers conditions for its growth, and is set fundamentally in the tertiary sector. However, the constitution of new industrial and agriculture-industrial spaces in the interior of São Paulo was not capable of avoiding the collapse of the basic urban public infrastructure in the development process. This view shows the current situation of the city of São José do Rio Preto, composed mainly of an irregular pattern of single floor residential constructions, which have foundations and urban infrastructure in places that lack previous suitability studies. These often do not satisfy the natural relationship potentials of the urban physical territory/ocupation. Therefore, in this paper a space analysis of the main attributes of the physical territory of the urban center area of São José do Rio Preto was prepared, with the intention of obtaining, using the database produced by Mendes (2001) , interpretative charts for shallow foundations and underground constructions that can evaluate and indicate areas where potentials of urban physical territory are adapted in an efficient way. The objective was to minimise or repair the current problems of irregular urban occupation. These interpretative charts can guide local investigations, allowing us, in certain circumstances, to decrease costs, time and the number of situations to be studied and investigated. Region of the State of São Paulo (Brazil), between the parallels 20º47'00" and 20º51'10" South and the meridians 49º24'58" and 49º20'13" West, possessing an area of 60.0 km 2 . According to Brazil-IBGE (2001) , the city of São José do Rio Preto presents, in the census of 2000, total and urban populations of 357.862 hab and 336.998 hab, respectively. The resident population in the municipal seat and the demographic density are, respectively, 326.627 hab and 827 hab/Km².
According to Arid (1966) , the studied area is classified, as a humid tropical climate that possesses annual medium temperatures around 25.4ºC. A general view of the vegetation shows that it is composed of 10.4% permanent cultures, 18.9% annual, 52.9% grassland, 7.9% forests and 9.9% lazy and reforested lands. In the developed area pedologic formations prevail with thick soils represented by red-yellow latosol and yellow latosol. On the slopes of the main valley and in end northeast of the area, stains of red-yellow latosol intergrade argisol appear, representing an intermediary level of pedologic evolution.
The gleisols distributed along the valleys of the main drainage lines can be associated with conditional specific geotechnics as profile organic clays of low bearing capacity and shallow level of water, with direct influence on the geotechnic properties of the soil aggregate. The other pedological units, such as argisols and cambisols, have restricted occurrence in the study area (Augusto Filho, Ridente and Alves 1999). According to Barcha (1980) , in the studied area the soils sufficiently favour infiltration conditions due to their grain size distributions. They are, for the most part, sandy soils of the Adamantina and Santo Anastácio formations, both belonging to the Bauru group (Cretaceous) where the sand fraction always prevails (± 70%), varying the fine grain size, with a clayey silt fraction around 30%. The Adamantina formation is composed of fine sandstone; quartzose with clayey particles; cementation carbonaceous with plan-parallel stratification and crusades of medium load; clay banks with a massive, brown-reddish tone and recent sediments of the Quaternary composed of fine sand alleviation with beige and light gray tones; and sandy and/or silty clay with light to dark gray tone. The Santo Anastácio formation appears in areas that accompany the quotas with more drops in the river and streamlet valleys, represented by brownreddish and violet tones of sandstone with fine to medium grain size, generally regulated to bad grain size distribution and rounded particle size covered by limonitic film. On the surface of the studied area only the Adamantina formation appears at the depth of the Santo Anastácio formation. The Adamantina formation is more expressive, with a thickness varying from 58 meters up to 140 meters. The rocky blooming is relatively rare, occurring mainly in the drainage lines.
According to the geomorphological division of the State of São Paulo (São Paulo -FFLCH/USP-IPT-FAPESP, 1997), the studied area is located in the morphostructural unit of the Parana sedimentary basin that embraces a morphosculptural unit, denominated "western tableland from São Paulo", and presents the following characteristics: the unit occupies almost 50% of the total area of the State of São Paulo, and the relief of this morphosculpture is, in general, slightly waved with a prevalence of wide and low hills with leveled tops. Other characteristics are medium dimensions between drainage lines of 1.750 to 3.750 meters and a medium slope between 2 and 10%. The topography of the studied area is smooth, and the relief is waved and relatively uniform, with wide and low hills (Barcha, 1980) . The level differences presented by the greater amounts of discharge and the lower altitude, which varies from 350 to 550 meters, are small.
Methodology and Materials
A geospatial analysis of the main geotechnical attributes of the urban physical territory of the city of São José do Rio Preto was performed based on the methodology of geotechnical mapping developed by the geotechnical engineering department of EESC/USP (Brazil) and using a Geographical Information System (GIS-SPRING) developed by Instituto Nacional de Pesquisas Espaciais/ INPE (Brazil).
For the interpretative chart, pre-existing information was used, represented by the SPT -Standard Penetrating Test (1500 boreholes, approximately, in 241 building sites), in addition to collections in the field of disturbed and undisturbed samples for laboratory analysis, which allowed us to determine the geotechnical properties of the unconsolidate materials, such as grain-size distribution, Atterberg limits, permeability, expansibility, compressibility and collapsibility. This study also relied on the production of several intermediary cartographic documents.
Firstly, the boreholes that represented the profile of the land based on the largest investigated depth or largest variability of the layers of the soil aggregate were selected, facilitating the assembly of a geographical database containing all of the information from the borehole profiles.
Later on, a study of the existence or non-existence of correlation was performed with the data originating from pre-existent boreholes, such as texture, the bearing capacity of the layers for N SPT and groundwater levels, with the geotechnical properties determined in laboratory. We later made a comparative analysis of the boreholes that presented properties similar to the soil aggregate, attributing the values of those properties to regions whose geotechnical behavior could be considered homogeneous. Starting from the information contained in the database, it was possible to esteem the values for each attribute in places without sampling by using the geostatistical methodology of the ordinary kriging for the module of the spatial analysis implanted in the GIS-SPRING-4.0, based on the subroutine "kt3d" of GSLIB (Deutsch and Journel, 1992) .
Therefore, the geotechnical properties of the unconsolidated material and the values of the attributes obtained by the geostatistical methodology of the kriging were used, and the intermediary charts (bearing capacity, groundwater level, texture, drenability, organic layer, depth of the impenetrable to SPT and collapsibility) were elaborated. Starting from the information of those intermediary charts, the interpretative chart of shallow foundations, with its respective suitability classes according to adopted methodology, were obtained.
The methodology used in the elaboration of the interpretative chart was based on the attributes of the urban physical territory and limits proposed (Zuquette, 1987 (Zuquette, , 1993 . Those limits were defined starting from the experience of works developed in several areas of Brazil and using the information obtained through the referred author's bibliographical, where the homogeneity of the terrain (in terms of areas) was described in suitability classes (Favourable, Moderate, Severe and Restrictive) that reflect the degree of difficulty in the introduction of buildings in the terrain. Considering the objectives, the attributes, its occurrence levels and purposes were defined according to Zuquette (1993) , and four suitability classes were used in that mapping: a) Favourable: the totality of the attributes presents appropriate levels, where two attributes of secondary importance present levels that would place them in the moderate class. The favourable class means that the necessary technological resources for the occupation or construction will be the simplest and most inexpensive; the potential of negative impacts and of risks will be the lowest within the studied region; b) Moderate: 80% or more of the fundamental attributes present compatible levels with the moderate and favourable classes. In areas classified as moderate, there are possibilities of the occurrence of negative impacts and risks. During the occupation or construction there can be a need for more onerous operational and technological resources with a certain degree of complexity; c) Severe: 15% of the attributes present compatible levels with the moderate and favourable classes, and at most 15% are in the restrictive level. An area classified as severe presents concrete possibilities in the occurrence of negative environmental impacts and of risks. It can also demand expensive and complex operational and technological resources for construction or occupation when compared to the favourable class; d) Restrictive: only 20% of the attributes present levels that characterise them as favourable, moderate or severe. The framed areas in this class should be occupied with the largest care because they will demand complex and onerous technological resources and could affect revenue, due to the problems that could happen, such as the negative environmental impacts and possibilities of risks. Table 1 shows the attributes and their pertinent occurrence levels in the suitability classes that were used in this paper for the elaboration of the interpretative chart of shallow foundations.
Results
To obtain the physical indexes, Atterberg limits, grainsize analysis, blue methylene adsorption test, mini-CBR and mini-MCV tests were used on the disturbed samples of the unconsolidated materials collected in five different places at depths of 1.0, 2.0, 3.0 and 7.0 meters. The points were numbered according to location in the plant (P1, P2, Pi) and collection depth (A at 1.0 m of depth, B at 2.0 m, C at 3.0 m and D at 7.0 m). Therefore, the sample of place P1A represents a disturbed sample collected in place 1 at a 1.0 meter depth.
The tests, traditional geotechnical classifications and determination of physical indexes of the soil aggregate, such as grain-size analysis, unit weight of the soil particles and Atterberg limits, were obtained in agreement with the effective norm of the Brazilian Association of Technical Norm (ABNT).
The geotechnical properties of the materials were determined from tests and/or empirical correlations, according to the effectiveness and credibility of the same ones. The permeability was esteemed according to the empirical correlation proposed by Honorato and Mackenna (1975) 
"k" is in m/s; "D 50 " in mm and "ρ d " in g/cm 3 . This relationship is an expression that allows us to estimate the permeability in the superficial soils (in the case of 1 to 3 meters in depth) by measuring D 50 and the natural dry unit mass "ρ d ". The composition grain size soil aggregate of the studied area is composed of approximately 65% fine sand fraction, followed by 25% clay fraction and 10% silt fraction, except for the sample P4 D , where the increment of the silt and clay fractions indicate the presence of saprolite soil (residual young soil). Therefore, it is classified as (ABNT) small silty clayey fine sand.
Comparing the results of grain size analysis performed in the laboratory (Table 2 ) with the boreholes available in the studied area, a strong relationship texture was carried out, mainly for the first 5.0 meters of depth. The permeability coefficient values do not possess a considerable space variability, once medium values meet between 7.510 -3 and 10.410 -3 m/s and the soil texture is relatively homogeneous in the analyzed depths.
The expansibility was obtained by the analysis of the results of the blue methylene adsorption test, according to concepts established by Hang and Brindley (1970) for that test, used by Pejon (1992) and correlated with the MCT classification (Costa and Gandolfi, 1998) for use in geotechnical mapping, making use of the Mini-MCV and Expansion/Drying shrinkage (Mini-CBR) tests, according to Nogami and Villibor (1979) . The expansion potential of soil of the studied area was verified first with the MCT classification, using the Mini-MCV and Mini-CBR tests.
The clayey fraction present in the unconsolidated material is largely responsible for its behaviour not only for the amount of present clay in the soil but also for the quality and expansion potential of the present deleterious clay minerals in the clay fraction, so it was thought best to complement that test using the blue methylene adsorption test because it takes into consideration the physicalchemical behaviour of the fine fraction of unconsolidated material with geotechnical purposes (Pejon, 1992 The expansion values obtained by the MCT classification according to Costa and Gandolfi (1998) is shown in Table 2 , as well as the values of the natural dry unit weight (γ d ) and optimum water moisture (w opt ), unit weight of the soil particles (γs) and Mini-CBR. Table 2 shows that the preponderant MCT classification is LA' group, followed by the LG' and NA' groups, respectively. Disregarding the appearance of the NA' group (sample P4 D ), which was collected at the exceptional depth of 7.0 meters, the classification of the soil appears to be exclusively of the sandy lateritic group followed by the clayey lateritic group. The soils belonging to the sandy lateritic group (LA') are typically sandy and constituent of the horizon B of the soils well-known pedologically in Brazil for sandy latosol and argisols or sandy argisols.
Later, the method of blue methylene adsorption was used to establish a relationship among the MCT classification according to Costa and Gandolfi (1998) , attempting to relate the behaviour of the soils of the studied area with its mineralogy obtained through of blue methylene adsorption test. Working directly with the values defined by the method of blue methylene adsorption, that is to say, the values of blue methylene adsorpted for 100 g of soil (V B ) and for 100g of clay (A CB ), they tried to correlate the values of V B with the MCT classification results. This classification used to evaluate the studied soils presented lateritic or non lateritic behaviour and the type of present deleterious clay mineral in the clay fraction of the soil with base in the consumption of blue methylene adsorpted for 100 g of clay (A CB ). The values V B and A CB can be observed directly in Table 2 for each soil sample. According to this methodology, the soils present lateritic behaviour for values of V B <1.0 and non lateritic behaviour for values of V B >2.5. It is concluded that all the soil samples analyzed previously belong to soils of a group with lateritic behaviour.
Other information could also be obtained starting from the values of A CB about the most probable composition of deleterious clay mineral in the clay fraction of the studied soil. According to the diagram of activity of the clay for the method of blue methylene (Lautrin, 1989) and of the results of A CB for the analyzed soil, we observe that the type of clay mineral more probable and present in the clay fraction of the analyzed soil is of the caulinita group, considered not deleterious. A summary of the values of V B and A CB , in function of the clay fraction present in the studied soil can be seen in Figure 2 . In that figure the concentration of the samples "in black circle", presenting lineal behaviour of the percentage clay fraction as a function of the values of V B and A CB , is probably due to the presence in the clay fraction of soil with clay minerals of the kaolinite type. It is also noticed that for values of relatively high and low V B and A CB , shown by "black arrows", the values of the clay fraction percentage of soil remains proportional to the increase in increments and decrease of those values, determining the presence of non expansible clay minerals of the kaolinite group. Therefore, it was verified that the expansibility potential of the studied soil is very small and almost worthless for use in geotechnical mapping, and we chose not to consider that property in the making of the interpretative chart.
The collapse potential (CP) was obtained for oedometric testing according to ABNT norm using undisturbed samples of the soil collected at several depths. For obtaining the collapse potential, the specimens were submitted to the stress stages of 6, 12, 25 and 50 kPa, according to procedures of the consolidation conventional test. After the verification of stabilization deformations for the stress stage of 50 kPa, the specimens were inundated, and after 24 hours of the inundation stage the variation void ratio of the soil specimens was verified. Soon after, the specimens were submitted to new stress stages of 100, 200 and 400 kPa. In some specimens the stress stage of 800 kPa was increased. This way, the collapse potential (CP) was obtained starting from equation bellow, according to Jennings and Knight (1975) :
where Δ ec = variation of the void ratio due to inundation, and e 0 = natural void ratio of the soil specimens. It should be highlighted that the collapse potential defined according to Jennings and Knight (1975) is obtained starting from the inundation of specimen in the stress stage of 200 kPa, but it was verified that in that stress stage the collapse potential was considerably smaller for the analyzed specimens.
Therefore, it was necessary to modify the stress stage, decreasing the pressure from 200 kPa to 50 kPa, for the specimen inundation stage. The values of the collapse potentials (CP) due to the inundation obtained in the stress stage of 50 kPa, as well as the values of the compression index "c c " and the consolidation index "c v " of the specimens of analyzed soil, are shown in Table 3 , where "CPe 0 " represents the obtained collapse potentials using the natural void ratio of the soil specimens, and "CPe 1 " the collapse potentials obtained from the void ratio of the stress stage immediately before the inundation of the specimens. Table 3 . Collapsibility parameters from oedometric test in thin soils of the studied area Nevertheless, it is understood that from the site of analysed samples (P 1 , P 2 , P 3 , P 4 and P 5 ), considering the samples obtained in at least one of the horizons during the analysis (A, B, C or D), all present values of collapse potentials indicate the presence of soils layers with high collapsible potential in the aggregate soils of the studied area. With the intention of discovering possible tendencies of correlations between the obtained collapse potentials and several physical indexes and parameters of characterization of the analyzed soils, investigations were carried out using statistical correlations through the coefficients of lineal correlation. Mendonça et al. (1993) verified that the physical indexes are the parameters that present the best lineal correlation with the collapse potential; standing out among them are the natural unit weight or natural dry unit weight, the natural void ratio and the initial saturation of degree, in decreasing order of correlation. In the present paper, the parameters of the soils analyzed by statistical correlations that obtained a larger lineal correlation front to the values of the collapse potentials of the soils were, in decreasing order: liquid limit "w L ", the soil natural moisture "w", plasticity index "IP", saturation initial of degree "S", and for the dry unit weight "γ d " and the natural void ratio "e 0 ", low values of the coefficient of lineal correlation front to the medium values of the collapse potentials were verified.
In Figure 3 a surface graphic 3D of statistical representation of the collapsibility data of analyzed samples is shown. In agreement with the collapsibility approaches of Clevenger (1956) and Holtz and Hilf (1961) , soils with dry unit weight smaller or equal to 12.82 kN/m³ present collapsible behavior. It is observed, in Figure 3 , that the soil samples considered as collapsible (letter "C") according to approach of Jennings and Knight (1975) presented values of dry unit weight above 12.82 kN/m³, and the soil samples that were non collapsible (letter "N") presented values of dry unit weight between 13.37 and 14.57 kN/m³, indicating therefore that the approaches of Clevenger (1956) and Holtz and Hilf (1961) are not appropriate to analyze qualitatively the collapse potential of the studied area soils.
Considering the adoption of the compressibility and/or the collapsibility as an attribute that determines or interferes in the behaviour of the aggregate soils, what happens to the compressibility of the aggregate soils before the occurrence of the collapsibility phenomenon was considered. This presents relatively smaller last values when compared with the abrupt reduction of volume due to the collapse (Vargas, 1993) . Therefore, an attribute that interferes in the space analysis of the chart for shallow foundations, related with possible problems of foundations, in terms of specific deformations, is the collapsibility, or better, the collapse potentials of the analyzed samples.
In the analysis and in the elaboration of the chart for shallow foundations, a structural element of foundation reference was adopted. A square shallow spot footing of dimension B = 2.0 meters, supported at a depth of 1.50 meters below the surface of the land was used, and the value of a representative medium N SPT of the support layer, estimated at the depth of the stress bulb of the shallow spot footing (~1.5B), was also considered. In that way, N SPT used in the present paper was obtained starting from the simple arithmetic average of N SPT found in the layers located between the depth of the support of the structural element of the foundation and the depth of the stress bulb. Analyzing the Chart for Shallow Foundations shown in Figure 4 , 18.2% of the studied area belongs to the Restrictive class, 37.5% to the Severe class, 36.7% to the Moderate class and 7.6% to the Favourable class.
Discussion and Conclusions
The classification of the studied area regarding suitability conditions for the introduction of shallow foundations in residential buildings concentrated among the Moderate and Severe classes represented by 74.2% of the total area, as a consequence of the prevalence of areas constituted potentially by layers of collapsible soils, associated with regions with low bearing capacity (generally presenting value of N SPT < 6,0 blows/30cm), followed in decreasing order of constituted regions by shallow water level and high declivity. For this reason, it is recommended not to adopt shallow foundations as an infrastructure solution in single floor residential buildings placed mainly in regions classified as Severe or Restrictive, in agreement with the adopted methodology; this type of foundation in the regions classified as Favourable and also in the Moderate class could be adopted, considering, however, some provisos in the latter case.
A possible solution for the regions that presented unviable conditions in the adoption of shallow foundations would be to adopt structural elements of a foundation that would help to cross the most shallow layers of the aggregate soils to a depth of approximately 6.0 meters because, in that interval, the soil layers tend to present serious problems related to collapse. For example, foundations constituted by piling could be adopted.
